Background: Positive association between resting heart rate (RHR) and risk of type
| INTRODUCTION
Globally, diabetes mellitus mortality rate has increased by 62% between 1990 and 2016. 1 As the eighth leading cause of death worldwide, diabetes mellitus results in about 1.5 million deaths every year. 1, 2 In the United States (US) alone, there were 71.5 thousand deaths from diabetes mellitus in 2016 and 30 million people (9.4% of the US population) living with it. 1, 3 Type 2 diabetes (T2D), which accounts for 90% of all diagnosed cases of diabetes, could be largely prevented through changes in physical activity, healthy diet, and weight control. 2, 4 Resting heart rate (RHR) has been commonly used as a simple and useful diagnostic and predictive tool for cardiovascular disease in clinical settings. 5 More recently, epidemiological studies have found an association between elevated RHR and increased risk of T2D, after adjusting for potential confounders. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] In these studies, elevated RHR was hypothesized as a maker of an imbalanced autonomic nervous system, favouring sympathetic over-activity, which is linked to insulin sensitivity, impaired glucose uptake, and hyperglycaemia. 17 However, the majority of these studies were small and had short follow-up, which can contribute to publication bias and lead to reverse causation. Residual confounding was also a major limitation in some studies that did not adjust for obesity, physical activity, diet, smoking hypertension, and medications. 17 In addition, none of these studies comprehensively investigated whether the association between elevated RHR and T2D is modified by other known risk factors for diabetes. Interaction analysis can be useful for searching new risk factors in low-risk groups and can provide further insight on mechanisms causing T2D. 18 Therefore, we investigated the association between RHR and T2D using data from the Health Professionals Follow-up Study, a large prospective US cohort of 31 156 men followed-up over 15 years on average. We additionally assessed whether this association was modified by age, body mass index (BMI), physical activity, diet quality, smoking, family history of diabetes, and hypertension. Lastly, we conducted a meta-analysis of existing prospective cohort studies, including the current study, on RHR and risk of T2D.
2 | METHODS
| Study population
The Health Professionals Follow-up Study was initiated in 1986 when 51 529 male health professionals aged 40 to 75 years were enrolled. 
| Resting heart rate and covariates assessments
In 1992, participants were asked to report their RHR (beat per minute
[bpm]) after sitting for 10 to 15 minutes. Detailed information on covariates, including age, height, weight, family history of disease, medication use, smoking status, and physical activity, were collected at enrolment in 1986 and updated through biennial questionnaires.
Diet was assessed using validated food frequency questionnaires every 4 years.
| Case ascertainment
From the biennial questionnaire, participants self-reported a newly diagnosed diabetes, and a supplementary questionnaire was sent to confirm the diabetes cases. We confirmed the diagnosis of diabetes if the participants met ≥1 of following criteria: (1) ≥1 classic symptoms (ie, excessive thirst, polyuria, weight loss, or hunger) plus fasting blood glucose ≥140 mg/dL (7.8 mmol/L) or random blood glucose ≥200 mg/dL (11.1 mmol/L); (2) elevated blood glucose on two different occasions (ie, fasting blood glucose ≥140 mg/dL (7.8 mmol/L) or random blood glucose ≥200 mg/dL (11.1 mmol/L), or blood glucose ≥200 mg/dL after 2-hour oral-glucose tolerance testing) with no symptoms; and (3) treatment with hypoglycaemic drugs (ie, insulin or oral hypoglycaemic agent). Our criteria were consistent with those proposed by the National Diabetes Data Group. 19 Of note, the threshold for fasting blood glucose was changed to ≥126 mg/dL (7.0 mmol/ L) in 1998, and HbA 1c ≥6.5% was additionally included in the criteria from 2010.
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| Statistical analysis
Among participants who provided data for RHR at baseline in 1992, we excluded those who had been previously diagnosed with cardiovascular disease, cancer (excluding non-melanoma skin cancer), or T2D (n = 5936) as these medical conditions can affect RHR. 22 We also excluded those who reported extreme RHR values below 30 or over 150 bpm (n = 42).
Person-years of follow-up accrued from the baseline when RHR The combined score ranged from 0 to 8, and higher scores indicated having more risk factors of T2D. Since BMI is a strong risk factor for T2D, participants received 0 to 2 scores (0 = normal weight, 1 = overweight, 2 = obese).
We updated a previous meta-analysis 23 by searching Medline, Embase, Web of Science, and Cochrane library databases for articles published from January 2015 through September 2018. Two authors independently extracted the relevant studies using the following terms: ("resting heart rate" OR "heart rate" OR "resting pulse") AND ("type 2 diabetes" OR "diabetes"). To be eligible in our assessment, a study had to have evaluated the association between RHR and the incidence of T2D in a cohort study design. We also searched the reference lists of relevant publications to identify more studies. A total of 14 studies, including the current study, were included for the metaanalysis. Random effects models were used to calculate summary relative risk (RR) s and 95% CIs for the highest vs lowest categories of RHR and for 10 bpm increase of RHR (linear dose-response analysis). Subgroup and meta-regression analyses were conducted to explore sources of heterogeneity using a priori selected variables (ie, geographic location, exposure and outcome measures, follow-up period, number of cases, exclusion of unhealthy participants and confounding adjustment). Cochran Q test and I 2 were used to assess heterogeneity between studies. Potential publication bias was assessed using the Begg and Egger tests.
All statistical tests were two-sided, and P < 0.05 was considered significant. We used SAS 9.4 (SAS institute Inc., Cary, NC, USA) for the cohort analysis and STATA version 14.0 software (StataCorp, College Station, TX, USA) for the meta-analysis.
3 | RESULTS
| Baseline characteristics
During 505 380 person-years of follow-up of 31 156 men, we identified 2338 incident cases of T2D. Baseline characteristics of the participants are shown in Table 1 . The mean age and BMI of participants were 58.3 ± 9.3 years and 25.5 ± 3.1 kg/m 2 , respectively. Participants with higher RHR engaged in less physical activities and had lower diet quality and higher BMI. The percentage of ever smokers was higher, while the percentage of beta-blocker use was lower, among participants in higher categories of RHR. (Table S2 ). The Begg and Egger tests showed no evidence of publication bias (data not shown).
| RHR and T2D risk

| Interaction between RHR and known risk factors for T2D
The association between RHR and risk of T2D significantly differed by BMI (P for interaction < 0.001) and high blood pressure (P for interaction < 0.001) ( Table 3 ). The positive association between RHR and T2D (on the multiplicative scale) was stronger among those with normal weight or without hypertension. However, there were no significant differences by age, physical activity, diet quality, smoking status, and family history of diabetes. Moreover, we did not find a significant effect modification by different types of antihypertensive drugs although the association between RHR and risk of T2D tended to be stronger among non-antihypertensive drug users in general (Table S3 ).
When we examined the joint association of RHR and known risk factors in relation to T2D risk, there was a significant multiplicative interaction between higher RHR and greater number of risk factors (Table 4) . Compared with those with low RHR and ≤1 risk factor, men with high RHR and 3 and 4+ risk factors had 7.0 and 14.8 times increased risk of T2D, respectively. Similarly, we found a strong multiplicative interaction of RHR and each individual risk factor (ie, age, BMI, physical activity, diet quality, smoking, family history of diabetes, and hypertension) with T2D risk.
| DISCUSSION
In this large prospective cohort study of US men, we found a strong positive association between RHR and T2D risk. RHR was a stronger predictor of T2D among those with normal weight or with no hypertension. Moreover, RHR had a multiplicative interaction with known risk factors in relation to T2D risk.
Our findings were consistent with previous studies that have suggested an association between elevated RHR and increased risk of T2D. In the meta-analysis published in 2015, the summary RR for the highest vs lowest RHR was 1. : 93%, nine studies). 17 We updated this meta-analysis with all published papers since then (a total of 14 prospective cohort studies including the current study) and found consistently strong positive association, albeit studies were heterogeneous with regards to study population, design, and data analysis ( Figure 1 and Table S1 ). The observed findings should be interpreted with careful consideration of the following potential biases.
First, RHR and T2D relationship is particularly susceptible to confounding. For instance, age, BMI, lifestyle, and medical conditions are known to be associated with T2D, and they can also affect RHR. [24] [25] [26] While previous studies have adjusted for some of the potential confounders (eg, demographics, lifestyle factors, disease status, medications, and biomarkers), no study has fully adjusted for a comprehensive set of known confounders to the extent we did in our study. That being said, we could not adjust for baseline glucose and insulin sensitivity, which were controlled for in several other studies. error is likely to be random given the nature of our prospective study b Diet z score was calculated by standardizing and summarizing continuously scaled dietary variables (polyunsaturated fat to saturated fat ratio, trans fat, cereal fibre, whole grain, and glycaemic load).
P for trend across categories of resting heart rate.
*P < 0.001. **P < 0.05.
design. Also, because our study included health professionals with expert medical knowledge, and they measured their own RHR, such measurement error is likely to be minimal and less likely to be affected by acute stress that could be caused in a medical setting (white coat syndrome). The concern for measurement error in RHR is further reduced given that our results were highly consistent with previous studies that had used objective RHR measure.
Lastly, in our updated review of all the relevant publications, we found heterogeneous study populations across the studies. Studies were mostly done in Asia (six studies), followed by Europe (three studies), USA (three studies), and Australia (one study). While these studies had different participant characteristics (eg, race/ethnicity, urban vs rural, general population vs employee, etc), the positive association between RHR and T2D was persistently found.
FIGURE 1
Meta-analysis of the association between resting heart rate and type 2 diabetes: A, resting heart rate for the highest vs lowest categories; B, resting heart rate for 10 bpm increase Adjusted for age, race (white or non-white), family history of diabetes (yes or no), alcohol consumption (0, 0.1-4.9, 5-9.9, 10-14.9, ≥15 g/day), total calorie intake (quintiles), smoking status (never, quit≥10 y, quit<10 y, or current smokers), intake of dietary factors including transfat, polyunsaturated fat to saturated fat ratio, cereal fibre, whole grain, and glycaemic load (quintiles), body mass index (<18.5, 18.5-24.9, 25-29.9, 30-34.9, ≥35 kg/m 2 ), high blood pressure at baseline (yes or no), and medication use at baseline (ie, beta blocker, thiazide diuretic, furosemide-like diuretic, calcium channel blocker, other antihypertensive drug, and antiarrhythmic drug) (yes or no).
b Additionally adjusted for physical activity (<3, 3-8.9, 9-17.9, 18-26.9, ≥27 MET-h/wk).
Several biological mechanisms may explain the observed association between RHR and T2D. First, RHR is an indicator of autonomic activity. 29 Parasympathetic nerve fibres stimulate pancreatic B-cells to release insulin while sympathetic activation inhibits the insulin secretion from the pancreas. More importantly, sympathetic overactivity can impair glucose uptake in skeletal muscle by inducing vasoconstriction and reducing skeletal muscle blood flow. 30 Sympathetic overactivity is also associated with stimulation of the renin-angiotensin-aldosterone system and results in insulin resistance. 31 Second, RHR is a marker of physical fitness with faster RHR potentially reflecting lower cardiorespiratory fitness. 32 It is known that low cardiorespiratory fitness is associated with increased risk of chronic diseases, including T2D. 33 While we found significant and positive association between RHR and T2D even after adjusting for total physical activity or vigorous activity, it is worth noting that physical activity is not a perfect measure of physical fitness and hence residual confounding may be present. To our knowledge, only one study has adjusted for physical fitness using an exercise test to measure peak oxygen consumption, which did not alter the association between RHR and T2D risk. 34 Another recent study suggested that elevated RHR was associated with mortality, independent of physical fitness and physical activity. 35 Thus, it is unlikely that residual confounding by physical fitness would substantially alter the conclusion of our study. For an unmeasured confounder to fully explain the observed association between RHR and T2D, it should have a minimum RR of 1.64 in relation to both RHR and T2D in the multivariable-adjusted models.
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Interestingly, we found a stronger HR of T2D associated with RHR among those with normal weight or without hypertension. Two other studies, including the Australian Diabetes Obesity and Lifestyle study and the Chicago Heart Association Detection Project in industry, have reported a significant positive association between RHR and T2D among non-obese individuals, but not among obese individuals. 8, 10 Our finding on stronger association between RHR and T2D among those who were younger, active, or without family history of diabetes (although not statistically significant) suggests that RHR may be a stronger predictor of T2D among low risk group for T2D.
A large Chinese prospective study showed a significant interaction between age and RHR in relation to T2D risk, with the association being stronger among younger individuals (<50 years). 14 Another interesting finding from the current study was that RHR and other known risk factors had a significant joint association with T2D risk.
Only a few studies have examined joint association of RHR with BMI, waist-to-hip ratio, and blood pressure with T2D. 11,15,16 Our study All models were adjusted for age, race (white or non-white), family history of diabetes (yes or no), alcohol consumption (0, 0.1-4.9, 5-9.9, 10-14.9, ≥15 g/ day), total calorie intake (quintiles), smoking status (never, quit≥10 yrs, quit<10 yrs, or current smokers), intake of dietary factors including trans fat, polyunsaturated fat to saturated fat ratio, cereal fibre, whole grain, and glycaemic load (quintiles), body mass index (<18.5, 18.5-24.9, 25-29.9, 30-34.9, ≥35 kg/ m 2 ), high blood pressure at baseline (yes or no), medication use at baseline (ie, beta blocker, thiazide diuretic, furosemide-like diuretic, calcium channel blocker, other antihypertensive drug, and antiarrhythmic drug) (yes or no), and physical activity (<3, 3-8.9, 9-17.9, 18-26.9, ≥27 MET-h/wk) a Number of cases: age (<60, n = 1033; ≥60, n = 1305), body mass index (<25, n = 441; 25-29.9, n = 1277; ≥30, n = 620), physical activity (<25, n = 1512; ≥25, n = 826), diet quality (<median, n = 1384; ≥median, n = 954), ever smoking (no, n = 1137; yes, n = 1201), family history of diabetes (no, n = 1761; yes, n = 577), hypertension (no, n = 1028; yes, n = 1310).
suggests that RHR in combination with other known risk factors (ie, age, BMI, physical activity, diet, smoking status, family history of diabetes, and hypertension) may provide further evidence to predict future T2D risk.
The present study has several strengths. To our knowledge, this study is the largest prospective cohort study of US men with long follow-up period. Moreover, this is the first study to conduct stratified and joint analyses using all established risk factors of T2D. Lastly, we had detailed information on important confounders such as lifestyle factors, medical history, and medications. There are several data limitations as well. First, measurement error in self-reported RHR is inevitable. Yet, measurement error is likely to be non-differential and hence bias the estimates towards the null. Second, RHR was measured only once at the baseline, so changes in RHR over the follow-up are unknown. A recent study, with two RHR measurements, reported that increase in RHR over 2 years predicts T2D risk, although this study did not find a significant association between baseline RHR and T2D. 38 Further studies are needed to examine whether change in RHR is predictive of type 2 diabetes and how the magnitude of association between RHR and T2D changes over time. Third, although we thoroughly adjusted for possible confounders, residual confounding by unmeasured confounders (eg, physical fitness and baseline glucose/insulin sensitivity) cannot be entirely ruled out in observational studies. Lastly, our cohort included predominantly white male health professionals which may limit the generalizability of our findings, but homogeneity of the study population enhances the internal validity.
Although it is difficult to draw a definitive causal relationship from observational study design, we demonstrated a fairly robust positive association between RHR and T2D risk in US men. The association was stronger in low-risk groups, and significant joint association was found between RHR and other known risk factors in respect to T2D risk. Taken together with accumulating evidence suggesting the usefulness of RHR as a diagnostic tool for several chronic diseases and a prognostic tool for patients, 5 ,39-45 our findings suggest that RHR has a potential to be used independently, and in addition to other known risk factors, to predict future T2D in the clinical settings. All models were adjusted for age, race (white or non-white), family history of diabetes (yes or no), alcohol consumption (0, 0.1-4.9, 5-9.9, 10-14.9, ≥15 g/ day), total calorie intake (quintiles), smoking status (never, quit≥10 y, quit<10 y, or current smokers), intake of dietary factors including transfat, polyunsaturated fat to saturated fat ratio, cereal fibre, whole grain, and glycaemic load (quintiles), body mass index (<18.5, 18.5-24.9, 25-29.9, 30-34.9, ≥35 kg/m 2 ), high blood pressure at baseline (yes or no), medication use at baseline (ie, beta blocker, thiazide diuretic, furosemide-like diuretic, calcium channel blocker, other antihypertensive drug, and antiarrhythmic drug) (yes or no), and physical activity (<3, 3-8.9, 9-17.9, 18-26.9, ≥27 MET-h/wk). a Risk factors included age, body mass index, physical activity, diet quality, smoking, family history of diabetes, and hypertension. 
